Purpose The purpose of this study was to apply nextgeneration sequencing (NGS) technology to identify chromosomally normal embryos for transfer in preimplantation genetic diagnosis (PGD) cycles for translocations. Methods A total of 21 translocation couples with a history of infertility and repeated miscarriage presented at our PGD clinic for 24-chromosome embryo testing using copy number variation sequencing (CNV-Seq).
Introduction
Balanced translocations are abnormal chromosome derivatives with a carrier frequency of 0.1-0.2 % [1] . There are two types, comprising Robertsonian translocations formed by abnormal breakage and joining of two acrocentric chromosomes and reciprocal translocations formed by the exchange of terminal segments between two chromosomes. In most cases, these rearrangements do not lead to any significant loss of chromosomal material, and therefore, the vast majority of carriers do not exhibit any abnormal phenotype [2] . Balanced translocations can proceed through mitosis and replicate faithfully in somatic cells. However, in the germ line, the process of meiosis can lead to a variety of unbalanced translocation derivatives with duplication and deletion of terminal sequences on either side of the breakpoint [3] . Thus, recurrent miscarriage is a common reproductive outcome for couples who carry a translocation [4] .
Preimplantation genetic diagnosis (PGD) is an alternative reproductive option to prenatal diagnosis for translocation carrier couples [5] which aims to identify balanced euploid embryos for intrauterine transplantation and subsequent development to a healthy term baby. In this assisted reproductive procedure, the embryos produced are biopsied at either the 8-cell cleavage stage to remove a single blastomere [6, 7] or at the blastocyst stage to remove 5-10 trophectoderm cells [8, 9] . The embryonic DNA is amplified by whole genome amplification and then tested by chromosome microarray analysis to distinguish balanced from unbalanced embryos. Successful application of these diagnostic technologies on a large number of patient embryos has resulted in increased implantation, pregnancy and live birth rates, and importantly, lower miscarriage rates [10] [11] [12] [13] .
Despite these successes, PGD for translocations remains challenging. Firstly, over half of the embryos may be abnormal due to unbalanced segregation of the two involved chromosomes [2, 14] . Further, in those embryos that are diagnosed as balanced, there is the possibility of additional incidental aneuploidies, including whole or partial chromosomal gains and losses, mosaicism, and segmental imbalances in other chromosomes that are known to commonly arise by either non-disjunction errors [15] or breakage-fusion-bridge cycles [16] . So far, the technology developed for PGD of translocations has primarily focused on the detection of unbalanced chromosome derivatives and incidental whole or partial chromosomal aneuploidies using 24-chromosome testing either by chromosome microarray analysis [11, 12] or next-generation sequencing (NGS) [13, [17] [18] [19] [20] . We speculated that a higherresolution technology with the capacity to additionally detect more subtle chromosomal abnormalities might further benefit patients undertaking PGD cycles for translocations.
Recently, we have developed a novel quantitative NGS method termed copy number variation sequencing (CNVSeq) for fine analysis of embryonic chromosomes [19] . In a series of validation studies using cell lines with terminal deletions associated with chromosome disease syndromes [21] , as well as whole genome amplification (WGA) products with known segmental translocation imbalances defined by array comparative genomic hybridization (CGH) [19, 22] , we demonstrated that all the small CNVs tested in the range of 1-5 Mb could be reliably, accurately, and reproducibly detected. In addition, we have further validated CNV-Seq for the measurement of mosaicism in trophectoderm biopsy samples [23] . During the course of these validation studies, a small group of 21 translocation patients with either long-standing infertility or repeated miscarriage presented at our clinic for PGD. In this study, we applied CNV-Seq as the sole diagnostic technology for this group of PGD patients, with the aim of providing a more comprehensive assessment of their embryos for chromosomal abnormalities and improving reproductive outcomes.
Materials and methods

In vitro fertilization and preimplantation genetic diagnosis
In vitro fertilization (IVF) and embryo biopsy procedures were performed for 21 patients at the Department of Obstetrics and Gynecology, Chinese PLA General Hospital, Beijing, using previously published procedures [19] . In brief, fertilization of MII oocytes was achieved by intracytoplasmic sperm injection of a single sperm. Fertilized embryos were either cultured for 48 h to the cleavage stage or transferred to G2 medium and incubated 48-72 h for development to the blastocyst stage. Five patients had cleavage-stage biopsy, using a finely pulled glass pipette to remove a single blastomere. During the study, the embryology shifted PGD practice to blastocyst biopsy. The remaining 16 patients had blastocyst biopsy, by firstly creating a hole in the zona pellicuda with a non-contact laser at the cleavage stage and then, secondly, removing 5-10 trophectoderm cells using a rubbing dissection method.
Biopsied cell(s) were washed in phosphate-buffered saline (PBS), transferred to a polymerase chain reaction (PCR) tube containing 2 μl of sterile PBS, and then frozen at −20°C prior to WGA. All embryos biopsied either at day 3 or day 5 were cryopreserved by vitrification. All solutions used during vitrification and thawing were prepared according to the manufacturer's protocol (Kitazato Supply). Frozen embryos diagnosed as normal/balanced and euploid following CNV-Seq analysis were thawed, and then one to two embryos were placed in an embryo catheter and transferred to the women's uterus for implantation. Serum β-HCG was detected 14 days after transfer to confirm the biochemical pregnancy. Ultrasound examination was performed to confirm the clinical pregnancy 28 days after transfer.
Next-generation sequencing
Single blastomeres or five to ten trophectoderm cells transferred to lysis buffer were subjected to WGA using the single-cell SurePlex amplification kit (SurePlex, Rubicon). Embryonic WGA products were purified using DNA Clean and Concentrator columns (Zymo Research, USA) and quantitated using the Quant-iT Assay kit with the Qubit fluorometer (Invitrogen, USA). The quality control criteria for judging successful WGA included a concentration of >40 ng/μl (20 μl final volume after column purification) and a size range of 100-500 bp. A total of 50 ng of WGA product was used as a template for CNV-Seq [24, 25] . WGA products were fragmented to an average size of 300 bp and end-ligated with 9-bp barcoded sequencing adaptors [26] . Tagged fragments were then amplified with PCR primers for 15 cycles to generate sequencing libraries. Massively parallel sequencing of embryo libraries was performed on the HiSeq2500 platform (Illumina, USA).
Sequence data analysis and derivation of 24 chromosome profiles
Approximately 5 million 45-bp reads, comprising the 9-bp barcode and 36 bp of genomic sequence, were generated from each embryo WGA product. After applying the BurrowsWheeler transform algorithm [27] to filter out low-quality reads, a total of 2.8-3.2 million reads were perfectly and uniquely aligned to the hg19 reference genome. The filtered sequencing data was then allocated to 20-kb sequencing bins with an average number of 30-35 reads per bin. To calculate the mean CNV variation, binned read counts at each genomic location were internally compared across a minimum of 15 sample data sets using the fused lasso smoothing algorithm [28] . Plots of log2 mean CNV (Y-axis) versus 20-kb bins (X-axis) were generated for each of the 24 chromosomes. Color markings superimposed on the plots included a blue line to indicate mean CNV, red lines to indicate repetitive regions, and a black box to mark the centromere. Dashed lines at log2 [1.5] and log2 [0.5] were used to indicate the expected CNV for duplications (three copies) and deletions (one copy), respectively. Gain or loss of chromosomal regions was called using stringent cutoff copy number values of >2.8 for duplications and <1.2 for deletions over the entire length of the CNV interval.
Criteria for selecting embryos for transfer
Embryos diagnosed as normal/balanced and euploid were available for transfer, whereas embryos diagnosed as either aneuploid, unbalanced, or unbalanced and aneuploid were excluded for transfer. In regard to embryos diagnosed as diploid-aneuploid mosaics involving a single chromosome (exceptions: chromosomes 21, 18, and 13), if the level of mosaicism was 40 % or less, the embryos were considered for transfer in situations where no other normal/balanced and euploid embryos were available. All embryos with multiple mosaicism, regardless of the level, were excluded for transfer.
Results
PGD patients
A total of 21 couples with either long-standing infertility (n = 10) or a history of recurrent miscarriage (n = 11) presented at the General PLA Hospital IVF clinic for PGD treatment (Table 1) . In all couples, prior karyotyping revealed the presence of either a Robertsonian (n =4) or a reciprocal (n = 17) balanced translocation in one of the partners ( Table 2 ). The mean maternal age was 32.5 years (25-39 years), indicating a moderate risk of incidental aneuploidies. All 21 couples consented to IVF combined with PGD, with five undertaking cleavage-stage biopsy and 16 blastocyst biopsy. In their first IVF and PGD cycle, all couples produced a cohort of embryos for PGD (Supplementary Table 1 ). Biopsy samples were amplified by WGA and embryonic DNA products subjected to NGS using CNV-Seq technology [19] .
Chromosomal analysis of PGD embryos
Interpretable CNV-Seq embryo profiles were obtained from 98 of 113 (87 %) successfully amplified embryo biopsy samples ( Table 2, Supplementary Table 1) . Results from the remaining 15 embryos could not be obtained due to failed QC caused by suboptimal WGA. From the 98 CNV-Seq results, embryos were initially classified based on the primary translocation abnormality as either balanced or unbalanced, with or without the presence of incidental CNVs (Table 2) . Within the balanced group of 50 embryos, there were 20 (40 %) with incidental aneuploidies and 30 (60 %) without any CNVs. Similarly, in the unbalanced group of 48 embryos, there were 15 (31.3 %) with incidental aneuploidies and 33 (68.7 %) without any CNVs. Thus, of the 98 embryos analyzed, only 30 (30.6 %) were suitable for transfer.
In the unbalanced group comprising 48 embryos, CNV-Seq detected the single trisomy/monosomy derivatives of the unbalanced Roberstsonian translocations and the two terminal duplication/deletion derivatives of each reciprocal translocation (Supplementary Table 1 ). The terminal CNVs detected mapped precisely on either side of the known breakpoints for each reciprocal translocation and the copy number along the length of the CNV interval paralleled closely with theoretical values. Two examples of the segmental imbalances resulting from t(11;16)(q13;q12) and t(10;12)(q22;q14) derivatives are shown in Fig. 1a, b, respectively. In the couple with a t(2;9)(p23;q34) balanced translocation (case 3, embryos 3, 14, and 17), CNV-Seq precisely identified the 0.8-Mb imbalance at the terminal end of 9q and the 26.48 Mb imbalance at the terminal end of 2p (Supplementary Table 1 ).
The incidental aneuploidies found in the 20 balanced and 15 unbalanced embryos were extremely diverse (Table 3,  Supplementary Table 1) . Of the 35 embryos, 21 (60 %) had single aneuploidies, four double aneuploidies (11.4 %), and 10 (28.6 %) complex aneuploidies associated with three or more chromosomes. The 21 embryos with single aneuploidies comprised 13 with either monosomies or trisomies (example, Fig. 2a ), six with a non-translocation chromosome segmental imbalance (example, Fig. 2b ), and two with mosaicism (example, Fig. 1b) . The four embryos with double aneuploidies only involved trisomies and monosomies. In all 10 embryos with complex abnormalities, seven exhibited combined autosomal trisomies/monosomies and segmental imbalances of nontranslocation chromosomes and three had additional mosaicism.
At the individual chromosome level, from the 2352 chromosomes analyzed in the 98 embryos, 174 (7.4 %) were associated with a range of different types of structural abnormalities (Table 3, Supplementary Table 1 ). The most common aneuploidies involved 107 segmental imbalances (61.5 %), comprising 79 (73.8 %) related to the translocation chromosomes and 28 (26.2 %) related to non-translocation chromosomes. There were 49 whole chromosome aneuploidies (28.1 %) consisting of an approximately equal proportion of autosomal trisomies and monosomies, including three instances of monosomy X. The remaining 18 aneuploidies involved mosaic chromosome gains and losses at levels of 20-40 %.
Clinical PGD outcomes
Following CNV-Seq diagnoses of the 21 cohorts of embryos, eight patients (38 %) had all abnormal embryos and 13 patients (62 %) had at least one euploid embryo available for transfer ( Table 1) . Nine of the 13 couples proceeded to a frozen embryo transfer. Overall, the implantation rate was 80 % and ongoing pregnancy rate at 20 weeks gestation was 60 %. Two patients had a biochemical pregnancy (no fetal heartbeat) and subsequently miscarried. Four of the six couples with successful pregnancies (cases 3, 13, 14, and 15) consented to fetal karyotyping at 18 weeks gestation (Supplementary Table 1 ). The remaining two couples, one with a twin pregnancy (case 7) and the other with a single pregnancy (case 12), refused karyotyping due to the risk of miscarriage. Of the four fetuses tested, three had normal karyotypes and one had a balanced karyotype, consistent with the original PGD results. All six pregnancies developed to term, resulting in five singleton births and one twin birth.
Discussion
We report the first clinical experience using the high-resolution NGS technology CNV-Seq as the sole diagnostic method without array CGH support for assessing the chromosomal constitution of embryos produced in PGD translocation cycles. In this study of 21 patients, interpretable 24 chromosome profiles were obtained in all 98 embryo biopsy samples that produced a high-quality WGA product. All chromosomal CNVs identified by CNV-Seq showed the correct quantitative copy number change for both loses (deletions) and gains (duplications). In addition, the segmental imbalances resulting from unbalanced translocation derivatives could be mapped precisely to the predicted cytogenetic breakpoints for the 17 different reciprocal translocations analyzed. In addition, CNV-Seq elucidated a variety of incidental chromosomal abnormalities including trisomies, monosomies, non-translocation segmental imbalances, and mosaicism. On this basis, PGD embryos could be clearly separated into those that were either normal/balanced and euploid, aneuploid, unbalanced, or unbalanced and aneuploid, enabling selection of true euploid embryos for intrauterine transfer.
Sequencing read counting NGS-based technologies for PGD are evolving at a rapid pace [29] . These methods rely on PCRbased amplification of embryonic DNA [30] to provide a suitable template for library construction and massively parallel sequencing. While there are inherent differences in the genomic read length, the number of reads generated, and the algorithms used to precisely map the chromosomal position of sequencing reads, in principle, all methods generate a set of mapped reads for data analysis and allow direct comparisons to reference for identifying copy number changes. In validation studies against gold standard array comparative genomic hybridization [31, 32] , these methods have been proven to be very reliable and accurate for the detection of whole and partial chromosome aneuploidies. More recently, an NGS method based on a semiconductor ion torrent platform was developed and validated for PGD of translocations, with a reported resolution of 5 Mb for segmental imbalances [20] . The main advantage offered by CNV-Seq over other NGS methods is higher resolution and quantitation of chromosomal aneuploidy. This was achieved by incorporating two key modifications into the standard sequencing pipeline [25] . Firstly, we generated 2.8-3.2 million mapped sequencing reads of 36 bp in length, which is approximately threefold higher than that used by other published NGS methods developed for embryo chromosome analysis [20, 31] . Secondly, sequencing reads are binned at 20-kb intervals (30-35 reads per bin), in contrast to 1-Mb chromosomal intervals used in the data analysis of other NGS methods. Thirdly, samples are run in the same flow cell and the mapped binned data internally compared between 15 or more data sets from the same sequencing batch. Thus, the increased data points generated provide greater statistical power, allowing quantitation of copy number change and precise delineation of CNV. For example, to define a copy number change across a 1-Mb interval, 50 sequential data points can be utilized to calculate the mean CNV and provide a more confident call even if there is local WGA bias in this region of the genome. Thus, this resolution will enable more accurate diagnosis of unbalanced translocations where the breakpoints lie close to the terminal p and q arms. As highlighted in this study, we successfully diagnosed one translocation imbalance involving duplication and deletion of a 0.8-Mb region at the terminal end of 9q. In addition, we also demonstrated detection of mosaicism down to 20 %, which is equivalent to one aneuploid cell in a five-cell blastocyst biopsy. However, while CNV-Seq offers high-resolution chromosome analysis of embryos, the major disadvantage at present At the clinical level, comprehensive chromosomal analysis of the patient's embryos using CNV-Seq allowed for clear clinical decision-making in each PGD cycle. In eight of the 21 patient embryo cohorts, all embryos were abnormal as a result of aneuploidy, unbalanced translocations, or both. This important information was rapidly conveyed to these eight patients, and following discussion with their treating doctor, all decided to undertake a second PGD cycle. In the remaining 13 patient embryo cohorts, at least one euploid embryo was identified for transfer. Of note, there were four embryos within these cohorts whereby CNV-Seq identified small pathogenic segmental imbalances that may have been missed by other lower-resolution NGS technologies. Thus, by using CNVSeq, patients avoided the transfer of any of these embryos and potentially prevented the possibility of an adverse reproductive outcome. In nine transfer cycles with euploid embryos, we achieved seven live healthy births. Importantly, the follow-up fetal karyotypes undertaken matched with the PGD results, validating the accuracy of CNV-Seq at the clinical level.
In conclusion, translocation patients are at a high risk of producing unbalanced embryos with a further risk of incidental aneuploidies. As demonstrated in this pilot clinical study, CNV-Seq proved a reliable and accurate NGS technology for clearly distinguishing between abnormal embryos with deleterious chromosomal constitutions and those that were truly normal/balanced and euploid. The application of a higherresolution NGS technology like CNV-Seq should further benefit patients undertaking PGD cycles for translocations by avoiding unproductive transfers with embryos harboring more subtle pathogenic chromosomal abnormalities. 
